[1] Ultramafic xenoliths of spinel dunite, harzburgite, lherzolite, amphibole/phlogopite-bearing pyroxenite, and clinopyroxenite occur in andesitic pyroclastic debris from the 1964 eruption of Shiveluch volcano, Kamchatka. Peridotites have coarse/protogranular, porphyroclastic, and granuloblastic textures, abundant kink-banded olivine, and refractory mineral compositions with forsteritic olivine ) and Cr-rich spinel (100*Cr/Cr + Al = 47-83). Orthopyroxene (opx) is also Mg-rich but occurs only as a fibrous mineral present along olivine grain boundaries, in monomineralic veins that crosscut coarse olivine, and in veins with amphibole and phlogopite that crosscut coarse-grained peridotites. Textural evidence and mineral compositions indicate that the peridotites and hydrous pyroxenites were replacive dunites that formed by melt-rock reactions involving the dissolution of pyroxene and precipitation of olivine. The fibrous opx and millimeter-scale veins of phlogopite, amphibole, and opx are interpreted as the autometasomatic products of hydrous magmas that were trapped in the uppermost mantle (<45 km). In this interpretation, opx was produced by reaction between late-stage, silica-rich, hydrous fluids/melts and olivine in the dunite protolith, and the millimeter-scale veins of phlogopite, amphibole, and opx are the volatile-enriched, deuteric products that were liberated during the final stages of magma crystallization. The absence of textural equilibrium suggests that the late-stage replacement process which produced the fibrous opx occurred shortly prior to the eruption that carried the xenoliths to the surface. On the basis of two-pyroxene thermometry and Ca-in-olivine barometry, the xenoliths equilibrated between 800 and 1000°C and 1.03 and 2.21 GPa. This implies that the xenoliths were carried from sub-Moho depths, a result consistent with geophysical estimates of crustal thickness. Olivine-opx-spinel equilibria indicate that the xenoliths are strongly oxidized with fO 2 from +1.4-2.6 log units above the fayalite-magnetite-quartz (DFMQ) buffer in peridotites, +1.7-2.3 DFMQ in hydrous pyroxenites, and +2.4-3.3 DFMQ in cumulate clinopyroxenites. High fO 2 in the peridotites is attributed to the melt-rock reactions that formed the dunite protolith. These results therefore suggest that interaction between oxidized melts and peridotite wall rock at shallow mantle depths plays a significant role in creating and modifying the uppermost mantle and deepest crust in some subduction settings.
Introduction
[2] Melt generation at convergent plate boundaries is thought to be predominantly controlled by chemical fluxes of hydrous, volatile-bearing fluids or melts from the down-going oceanic plate to the upper mantle [Kay, 1980; Perfit et al., 1980; Ringwood, 1974; Tatsumi et al., 1986] . This process lowers the solidus of peridotite, and produces partial melt in the mantle wedge above the subducted plate and below the volcanic arc. The nature and composition of the subduction metasomatic flux and the source rock from which arc magmas are derived is most commonly addressed through geochemical studies of lavas that are erupted at the surface and seafloor sediments and oceanic crust that are carried to the mantle via subduction [e.g., Hawkesworth et al., 1987; Kay, 1980; Plank and Langmuir, 1993] . An important limitation of this approach is that the composition of arc lavas is often significantly affected by differentiation within the crust upon which the volcano was built, thereby making it difficult in many cases to reconstruct mantle-level melting and enrichment histories.
[3] Another approach to understanding sub-arc mantle processes is through studies of ultramafic xenoliths from active subduction-related magmatic arcs, like those recognized in the Cascades [Brandon and Draper, 1996; Draper, 1992; Ertan and Leeman, 1996] , Japan [Takahashi, 1980] , Philippines [Arai et al., 2004; Maury et al., 1992; Schiano et al., 1995] , Mexico [Blatter and Carmichael, 1998 ], Papua New Guinea [Franz et al., 2002; McInnes et al., 2001] , Lesser Antilles [Parkinson et al., 2003] , Aleutians [Conrad and Kay, 1984; DeBari et al., 1987] , and Kamchatka [Arai et al., 2003; Kepezhinskas and Defant, 1996] . These studies are relatively rare, mainly due to the paucity of mantle xenoliths from modern arc volcanoes. Where arc xenoliths are found, they do, however, provide a unique opportunity to (1) directly observe fragments of the sub-arc mantle and deep crust and (2) investigate the physical conditions and geochemical processes of subduction zones in a way that is independent of observations of arc lavas.
[4] This paper provides new mineralogic and petrologic data on a collection of ultramafic xenoliths from Shiveluch volcano of the Kamchatka arc. The primary objective of this work is to infer the P-TfO 2 conditions present in the upper mantle beneath Shiveluch volcano, and to constrain the petrological and geochemical processes that have acted there.
Xenolith Occurrence, Rock Types, and Mineralogy
[5] The xenoliths selected for this study were collected in 1998 and 2003 from Shiveluch volcano (SHX 98, SHX 03 sample IDs in Table 1) , located on the Kamchatka Peninsula, near the junction of the Aleutian and Kamchatka subduction systems (Figure 1 ). Shiveluch is one of the largest and most explosively active volcanoes in Kamchatka, with eruption rates of 7 Â 10 10 kg per year through the Holocene [Melekestsev et al., 1991; Polyak and Melekestsev, 1981] . Over twentyfive xenolith varieties have been recognized in the Holocene deposits from Shiveluch [Koloskov and Khotin, 1978; Melekestsev et al., 1991] . The most common of these, including all of the xenoliths in this study (Table 1) , are ultramafic in composition and were collected from within the pyroclastic debris of the explosive 1964 eruption, and on the surface of the associated debris avalanche. values indicate the calculated fit for each xenolith. Abbreviations: olv, olivine; opx, orthopyroxene; spl, spinel; cpx, clinopyroxene; amph, amphibole; phlog, phlogopite. Textures are from Mercier and Nicolas [1975] and Harte [1977] . Rock types are from Streckeisen [1979] .
[6] Ultramafic xenoliths from the 1964 eruption are mostly pale green in color, vary in size from 2-15 cm in average dimension, and are nearly always partially mantled by a 1 -3 mm thick rim of hornblende ( Figure 2a) . Occasionally, the hornblende rims that surround the xenoliths are themselves mantled by a gray selvage of the vesiculated hornblende andesite host melt. Petrographic observations demonstrate that all of the xenoliths are pristine and free of alteration products such as serpentine, chlorite, or talc. The modal mineralogy for each of the twenty-six xenoliths included in this study was determined using a least squares linear regression to fit the average mineral compositions for the predominant mineral phases in each sample to the whole rock major element compositions (Table 1 ; Figure 3 ). On the basis of the calculated modes, spinel harzburgite (n = 17) is by far the most abundant xenolith rock type, with minor occurrences of spinel lherzolite (n = 3), dunite (n = 1), and websterite/pyroxenite (n = 5).
[7] The mineralogy of the peridotites is mostly olivine (53-90%) and opx (7-44%) with minor amounts of spinel (0.7 -3.4%). Clinopyroxene (cpx) is rare in harzburgites with only one sample containing >1 wt% modal cpx. Phlogopite and amphibole are also minor hydrous phases (0 -9.9%) occurring in veins and patches in six of the peridotites (e.g., Figure 2b ).
[8] The pyroxenite xenoliths can be divided into two groups on the basis of their modal mineralogy. The first group we refer to as hydrous pyroxenites because they contain the hydrous minerals phlogopite (0-8.6%) and/or amphibole (0-21%) as well as abundant opx (35-72%). Olivine (6-30%), cpx (6-18%), and spinel (1.6-1.8%) are also present in the hydrous pyroxenites. The second group are clinopyroxenites containing $80% cpx with minor amounts of olivine (0.8-8.9%), opx (7.4-15.8%), Figure 2 . Photographs of Shiveluch xenoliths. Figure 2a shows a peridotite xenolith in place in the field as it was collected. The black surface of the sample (lower left) is a selvage of pargasitic hornblende. The xenolith is a typical pale green harzburgite, with small black specks of Cr-spinels. The smaller of the two hand lenses (for scale) is 1.5 cm in long dimension. Figure 2b is a thin section billet of a metasomatized peridotite, showing dark veins and patches of phlogopite-amphibole-opx. The long dimension of the xenolith is approximately 4 cm. 
Textures and Petrography

Peridotites
[9] The peridotites show a wide range of deformation fabrics characterized by coarse equant/protogranular (Figure 4a ), porphyroclastic (Figure 4b ), and granuloblastic ( Figure 4c ) textures according to the nomenclature of Harte [1977] and Mercier and Nicolas [1975] . Coarse equant textures are restricted to samples with >78% modal olivine and olivine grain size is typically >2 mm (Figure 4a ). In this texture, olivine commonly shows evidence of strain by the presence of kink-bands and subgrain structures [Basu, 1977; Mercier and Nicolas, 1975] . The most common texture observed in the peridotites is porphyroclastic, and these xenoliths have abundant coarse-grained olivine (>2 mm) surrounded mainly by a matrix of fine-grained opx (<1 mm), with minor occurrences of finegrained olivine and cpx ( Figure 4b ). Clinopyroxene in the peridotite xenoliths is typically <300 mm and observable only by back-scattered electron microscopy (i.e., fine-grained section in Figure 4d ).
[10] A significant feature of the peridotites is the absence of coarse opx and cpx and the abundance of fine-grained (<1 mm), fibrous opx (up to 45%), which forms in radiating aggregates along olivine grain boundaries or as monomineralic veins that crosscut olivine (Figures 4e and 4f and Figure 5 ).
In some places the fibrous opx forms jagged and interpenetrating grain boundaries (on a scale of hundreds of microns) with the coarse olivine ( Figure 4f ). The most notable secondary texture in the peridotite xenoliths are the mm-scale veins of opx, phlogopite, and amphibole that crosscut coarse-grained olivine and the monomineralic veins of opx (Figure 6a ). The best example of this texture is seen in a coarse equant harzburgite , where opx crystallizes on the outer edges of the vein and phlogopite, amphibole, and occasionally apatite form in the vein interior (Figures 6a and 6c ). Phlogopite has also been recognized in patches that develop around spinel grain boundaries (Figure 6b ).
Pyroxenites
[11] The hydrous pyroxenites contain up to 9% phlogopite, 21% amphibole, 72% opx, 30% olivine, and 18% cpx. Opx is fibrous and fine-grained, cpx and olivine are also relatively fine (<1 mm), and amphibole and phlogopite are developed primarily along cpx and spinel grain boundaries respectively ( Figure 6d ). The mineralogy and textures observed in these pyroxenites, especially with respect to the opx, is similar to that which is observed along olivine grain boundaries and in hydrous, mm-scale veins in the peridotites.
[12] The clinopyroxenites are coarse-grained xenoliths with approximately 80% cpx. These samples lack the deformation features that are common in the peridotites (i.e., kink-banding and grainsize reduction). Clinopyroxene grains are large (up to 4 mm; Figure 6e ) and interlocking, similar to the adcumulate textures observed in layered igneous rock [e.g., Wager and Brown, 1967] . Orthopyroxene, olivine, and spinel are fine-grained (<1 mm) and present interstitially along cpx grain boundaries.
Analytical Methods
[13] Whole rock samples were sawn into two $50 g slabs with a diamond wafer blade. One slab was used for thin sections and the other was crushed in a quartz-cleaned steel jaw crusher and ground in agate or aluminum ceramic grinding containers.
[14] Loss on ignition (LOI) was determined by heating $4.0 grams of rock powder in quartz crucibles in a furnace for 16 hours at 900°C. Whole-rock major elements and some trace elements (Ni, Cr, V, Ba) were determined by XRF at the Washington State Geoanalytical Lab using a Figure 3 . Mineral proportions (wt.%) in Shiveluch xenoliths plotted on the ternary classification diagram from Streckeisen [1979] . In addition to the mineral abundances shown here, the hydrous pyroxenites also contain up to 9% phlogopite or 21% amphibole. These data are from Table 1. glass bead made from a mixture of 2.5 grams of rock powder, 1 gram of pure quartz, and 7 grams of Li-tetraborate flux. This quartz-dilution method is used to avoid crystallization of samples with greater than 40 wt% MgO. These data are reported on an anhydrous basis with analyses normalized to totals of 100% (Table 2) .
[15] Mineral compositions were measured on a Cameca SX50 electron microprobe at the University of South Carolina, using an accelerating voltage of 15 kV and a beam current of 10 nA. Five different grains of each mineral phase present in the xenoliths were analyzed with count times of 30 s (Tables 3-5 ). X-ray maps were produced with an accelerating voltage of 15 kV, a current of 200 nA, and a beam diameter of 5 mm. Calcium concentrations in olivine were determined using count times of 120 s for unknowns and 50 s for the diopside standard used for Ca (USNM-117733). The San Carlos olivine standard (SC/KA), which has a calcium concentration determined by isotope dilution , was analyzed fourteen times during the analytical session, and was used as a check standard. The average calcium concentration in the check standard analyses from microprobe data (Ca = 523 ± 84 ppm 2-sigma) differed from the calcium determined by isotope dilution by only <2 ppm, or $0.25% relative to the known value of 524 ppm (Table 6 ).
[16] Two spinel standards with Fe 3+ / P Fe values that are known from 57 Fe Mössbauer spectroscopy [Ionov and Wood, 1992; Wood and Virgo, 1989] Figure 7 ). Compositional variation within individual samples is also narrow. For example, core to rim line scans and X-ray maps on individual olivine grains coexisting with opx and cpx and adjacent to Cr-spinel show no significant change in Fo content or CaO wt% (Figure 8 ). Olivine compositions adjacent to opx, amphibole, and phlogopite veins are also homogeneous and similar to olivine in the interior of the xenoliths and away from veins (Tables 3 and 5) .
[18] Spinel shows a wide range of Cr# (100*Cr/ Cr + Al) and Mg# (100*Mg/Mg + Fe 2+ ) from 46.5-83.2 and 38.2-68.7 respectively (Table 3; Figure 7 ). In plots of forsterite content in olivine versus Cr# in spinel (Figure 7a ), the Shiveluch peridotites fall within the olivine-spinel mantle array (OSMA) as defined by Arai [1994] . These compositions for olivine and spinel are refractory compared to abyssal and continental peridotites [Dick and Bullen, 1984; Frey and Prinz, 1978; Luhr and Aranda-Gomez, 1997] , with high Fo content and high Cr#, similar to those reported for peridotites from the Izu-Bonin-Mariana arc [Parkinson and Pearce, 1998 ], peridotites from Avachinsky Volcano, Kamchatka [Arai et al., 2003] , and amphibole-bearing websterites from the Mexican arc [Blatter and Carmichael, 1998 ]. The Mg# of spinel is positively correlated with the Fo content in olivine (Figure 9b ). The Fe 3+ / P Fe of spinel in the peridotites and hydrous pyroxenites is relatively low, with Fe 3+ / P Fe from 0.23-0.54, compared to magnetite in the clinopyroxenites with Fe 3+ / P Fe from 0.65-0.71 (Table 6 ; Figure 7c ).
[19] Orthopyroxene compositions are also relatively homogeneous in peridotites with Mg# (100*Mg/ Mg + Fe 2+ ) from 89.2-98.6, CaO <1 wt%, and Al 2 O 3 <2 wt% (Figure 9 ), regardless of whether it has crystallized within amphibole and phlogopite veins or along olivine grain boundaries (Tables 3 ) and Fo content in olivine in Figure 9a is similar to that observed in partitioning experiments between coexisting olivine and orthopyroxene at 1173 and 1273 K at 1.6 GPa [von Seckendorff and O'Neill, 1993] . In contrast, opx phenocrysts in the host melt are more Fe-rich than peridotite opx with an average Mg# = 72 (Table 5 ; Figure 9b ). Exceptions to this narrow range in Mg#'s for opx in peridotites are those that Figure 6 . Photomicrographs and X-ray maps of Shiveluch xenoliths: (a) opx-amphibole-phlogopite vein crosscutting coarse-grained olivine and monomineralic veins of opx, (b) patch of phlogopite (brown) replacing spinel in lower left (black) in a harzburgite (plane-polarized light), (c) X-ray maps of calcium, potassium, and magnesium concentrations for the hydrous mineral vein from Figure 6a showing the distribution of opx, phlogopite, and amphibole, (d) hydrous phlogopite-bearing pyroxenite, and (e) coarse-grained clinopyroxenite xenolith. have crystallized near the edge of the xenoliths within 1-2 mm of the hornblende-host selvage, where Mg/Fe in olivine and opx are relatively low (Mg# $ 80, Table 5 ).
[20] Clinopyroxene in the peridotite xenoliths is Cr-diopside (to 0.9 wt% Cr 2 O 3 ) with Mg# (100*Mg/Mg + Fe 2+ ) from 94-98 (Table 3 ). The Mg# in cpx is positively correlated with the Mg# in opx and the Mg# in olivine for a given peridotite. Line scans across cpx grains coexisting with olivine and opx are homogeneous and show no significant change in MgO, FeO*, or CaO wt% from cores-to-rims ( Figure 8 ).
[21] Amphibole within the peridotites is edenitic and tremolitic on the basis of thirty analyses in seven samples [Leake et al., 1997] , with Mg# from 86-92 and SiO 2 from 44.1-56.5 wt% (6.9-8.2 Si in formula; Figure 10 ). In contrast, amphiboles from the hornblende-host selvage, measured in two peridotite xenoliths, are pargasitic and similar to hornblende phenocrysts in the host andesite, with lower Mg# (66.2-77.8) and higher TiO 2 (0.92 -1.1 wt%), FeO (10.1 -12.7 wt%), and Al 2 O 3 (11.7-12.2 wt%) compared to amphiboles from the interiors of the xenoliths (TiO 2 = 0.0-0.86 wt%; FeO = 2.8-6.3 wt%; Al 2 O 3 = 1.4-10.2 wt%).
[22] Phlogopite Mg# ranges from 90-94 when it forms in veins and along spinel grain boundaries in the interior of the xenolith. In one harzburgite (SHX-98-16), phlogopite has crystallized next to the hornblende-host selvage and has a lower range of Mg# from 83-87 (Table 5 ). The Al 2 O 3 and K 2 O concentration in phlogopite covers a relatively narrow range from 14.6-16.9 wt% and 7.7-8.4 wt% and TiO 2 covers a wide range from 0.07-1.56 wt%. (Table 4 ; /SFe values for spinels and pyroxenes were estimated assuming stoichiometry [Droop, 1987] and used to calculate pressure, temperature, and oxygen fugacity listed in Table 6 . Ballhaus et al. [1991] . Two-pyroxene and Ca-in-opx temperatures are from Brey and . Pressure was calculated using the Ca-in-olivine barometer of Köhler and Brey [1990] using techniques described in the text. Oxygen fugacity estimates are from (B) Ballhaus et al. [1991] and (W) Wood et al. [1990] and are reported as Dlog fO 2 from the quartz-fayalite-magnetite (FMQ) buffer using the Fe
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3+
/SFe values of the spinels listed. SHX-98-16v are P-T estimates for the opx-amph-phog vein; olivine used in this calculation is located adjacent to the vein.
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Figures 7 and 9). The clinopyroxenite compositions are generally more Fe-rich and plot off of the mantle array at lower forsterite contents and lower Mg# and Cr# in spinel (Figure 7 ), similar to cumulate-type ultramafic rocks from the Great Dyke in Zimbabwe [Wilson, 1982] , Kharchinsky Volcano, Kamchatka [Dektor et al., 2005] , and from some Aleutian xenoliths [DeBari et al., 1987] .
6. Discussion 6.1. Physical Conditions of Xenolith Equilibration (P-T-fO 2 )
[24] Mineral compositions described above imply that the xenoliths, including the hydrous mineral veins that crosscut the peridotites, are in general, well equilibrated (Figure 8 ), and are therefore appropriate for estimating temperature, pressure, and oxygen fugacity. In contrast, minerals that have crystallized on the margins of the xenoliths, adjacent to the hornblende-host selvage, and phenocrysts within the andesite host melt show significant compositional zoning and are compositionally distinct from those that form in the veins and in the interior of the xenoliths (Figures 9c and 10 ; Tables 3 and 5 ). This indicates that the P-T-fO 2 conditions recorded in the xenoliths are probably unaffected by the formation of the hornblendehost selvage, which we interpret as being produced at shallow depths in the magma chamber by reactions between the hydrous andesitic host melt and olivine in the xenoliths during transport to the surface.
[25] Equilibration pressures were calculated using the Ca-exchange barometer between coexisting olivine and cpx from Köhler and Brey [1990] . This barometer was calibrated specifically for spinel for spinel (Figure 7c ) was estimated assuming stoichiometry [Droop, 1987] . The Olivine-Spinel Mantle Array (OSMA) is from Arai [1994] , and the crystal fractionation trends are from Dick and Bullen [1984] . Also shown are spinel-olivine compositions for ultramafic rocks from the Izu-Bonin-Mariana [Parkinson and Pearce, 1998 ], Avachinsky, Kamchatka [Arai et al., 2003] , Simcoe, WA [Brandon and Draper, 1996] , Mexican continental peridotites [Luhr and ArandaGomez, 1997] , Mexican arc peridotites and websterites [Blatter and Carmichael, 1998 ], San Carlos [Frey and Prinz, 1978] , the Aleutians [DeBari et al., 1987] , Kharchinsky, Kamchatka [Dektor et al., 2005] , Great Dyke in Zimbabwe [Wilson, 1982] , and Alpine-type and Abyssal peridotites [Dick and Bullen, 1984] . peridotites with experiments from 0.2-6.0 GPa and 900-1400°C (Table 6 ). Many of the Shiveluch xenoliths, especially the abundant harzburgites, lack well-developed cpx-olivine mineral assemblages, and because of this we were able to obtain pressures for only four harzburgites, three lherzolites, and one hydrous pyroxenite. The pressures calculated for these eight spinel-bearing xenoliths range from 1.03-2.21 GPa (Table 6 ; Figure 11 ).
[26] The Ca-in-olivine exchange barometer is extremely sensitive to temperature, such that a difference of 100°C used in the barometer will produce a calculated pressure difference of 1.2 GPa. Because of this, we have used a nominal pressure of 1.5 GPa and the two-pyroxene thermometer of Brey and to calculate a nominal, pressure-standardized temperature, which in turn was used to calculate the pressure recorded in the rocks by the Ca-in-olivine exchange barometer. We do this because the two-pyroxene thermometer is essentially independent of pressure (a 1.0 GPa shift in pressure for this thermometer changes the calculated temperature by only 17°C), so the use of a 1.5 GPa-normalized temperature from this thermometer removes the very large amount of variability in the Ca-in-olivine pressures which would otherwise be introduced by temperatures which are themselves uncertain by several tens of degrees. This approach is also justified because the xenoliths are dominated by one or two rock types, with similar textural and compositional features, indicating that most of the samples probably equilibrated under similar P-T conditions beneath Kamchatka.
[27] Köhler and showed that their calibration reproduces experimental conditions to within ±0.54 GPa when combined with the twopyroxene thermometer. We have taken this ±0.54 GPa as our error on pressure for all xenoliths because the error in our microprobe measurement of Ca-in olivine is relatively small, and because all pressures were calculated with (1.5 GPa-normalized) temperatures from the two-pyroxene thermometer, which was reproduced on natural peridotites to within ±16°C . Despite the relatively large error in estimating pressure in this way, the pressures recorded in the Shiveluch xenoliths fall entirely within the experimentally determined stability field for spinel lherzolite (Figure 11 ).
[28] Temperature estimates were made using the Ca-in-opx and two-pyroxene Fe-Mg exchange thermometers of Brey and and the olivine-spinel Fe-Mg exchange thermometers of Ballhaus et al. [1991] and O'Neill and Wall [1987] . All temperatures reported in Table 6 were calculated using 1.5 GPa as the pressure term (as ) and 100*Mg/(Mg + Fe) for olivines. The compositional homogeneity in these coexisting minerals suggests that the xenoliths are wellequilibrated and are therefore appropriate for estimating temperature and pressure using two-pyroxene and olivine-spinel thermometry and Ca-in-olivine barometry. The occasional variation in Mg#-Cr# in spinel (Figures 8e and 8f) is over a narrow range and affects the olivine-spinel temperatures calculated from these data by <5°C. Note that the spinel in Figures 8e and 8f coexists with the olivine in Figure 8d . described above) instead of the calculated Ca-inolivine pressure for consistency with other published temperature estimates [e.g., Parkinson and Pearce, 1998 ]. The two-pyroxene Fe-Mg exchange and Ca-in-opx thermometers require coexisting cpx and opx and, as discussed above, can only be applied to xenoliths that have well-developed pyroxene pairs and homogeneous core to rim compositions that demonstrate equilibration (Figure 8 ). The nine xenoliths that fit the criteria for twopyroxene and Ca-in-opx thermometry record temperatures that are in general agreement with a range from 783-1081°C (Table 6 ). Our best estimate for the temperature and pressure in the opx-amphibolephlogopite veins is 829°C and 1.18 GPa, based on opx within a vein in a harzburgite xenolith (SHX-98-16) and coexisting olivine and cpx adjacent to the vein (Figure 11 ). The P-T conditions calculated in this way are also consistent with the presence of tremolitic amphibole, which we observe in three of our samples , and based on the experimentally determined stability fields for tremolite from Chernosky et al.
[1998] and Jenkins [1983] .
[29] The olivine-spinel Fe-Mg exchange thermometers of Ballhaus et al. [1991] and O'Neill and Wall [1987] were applied to all of the studied xenoliths because olivine and spinel coexist in all samples. These calibrations produce the same temperature (R 2 = 0.95) with a range from 624 -860°C Figure 9a are equilibrium experimental results at 1173 K and 1273 K at 1.6 GPa for coexisting opx and olivine from von Seckendorff and O'Neill [1993] . Olivine, opx, and spinel are average mineral core compositions. Figure 9c shows the total FeO (FeO*) and MgO in opx in Shiveluch xenoliths compared to phenocryst compositions from the host andesite. Orthopyroxene compositions for xenoliths are average mineral core compositions. Orthopyroxene compositions from experimentally produced melt-peridotite reactions are from Prouteau et al. [2001] . These experiments involved the reaction of a trondjhemite melt with mantle-like olivine (Fo 90 ) at 900 -1000°C and 15 kb under hydrous conditions (7.8 -9.6 wt% H 2 O). Host melt opx phenocrysts are from five different analyses in one sample. Figure 9d shows Al 2 O 3 in opx plotted against Cr# (100*Cr/Cr + Al) in coexisting spinel for Shiveluch peridotite and pyroxenite. Abyssal (North Atlantic) and subduction margin (Tonga and Mariana) peridotite fields are from Bonatti and Michael [1989] . The dashed line indicates the experimental compositions of Jaques and Green [1980] for residual peridotites from 11% and 18% melting of a Tinaquillo peridotite. (Table 6 ). Two-pyroxene temperatures from Shiveluch xenoliths are consistently higher than olivinespinel temperatures by an average of 89°C. This observation may be due to the higher diffusion rates of Fe and Mg in olivine and spinel compared to pyroxenes, which could produce lower olivinespinel temperatures if the xenoliths were recording a cooling history [Franz et al., 2002] .
[30] Ozawa [1983] showed that systematic variations in spinel grain size and Mg# from core to rim in spinel and olivine in peridotites from Japan, caused by heating and cooling events, can result in two hundred degree differences in the calculated olivine-spinel temperatures. To investigate the origins of the olivine-spinel temperatures in our samples, we have done multiple line scans across coexisting olivine and spinel pairs for peridotites that cover the entire range of calculated temperatures and for spinel grains coexisting with olivine that vary in size from 85 mm to 900 mm. We find that Mg and Fe 2+ in spinel and olivine in the Shiveluch xenoliths varies over a narrow range from core to rim, regardless of spinel grain size, and these variations have little effect on calculated temperatures (Figures 8d and 8e ). For example, the variation in Fo content in olivine and Mg#-Cr# in the coexisting spinel grain in Figures 8d, 8e , and 8f correspond to a variation in temperature of only 5°C from core to rim. We have also analyzed 106 points on a 900 mm spinel grain from the same xenolith and found that the Mg# is nearly identical (Mg# % 37) to the 200 mm spinel from the line scan in Figure 8 , and therefore produces a similar temperature. This is in contrast to the significant variations in Fo% in olivine (up to 4%) and Mg# in spinel (up to 10) observed by Ozawa [1983] for the Japan peridotites over a similar range of spinel grain size. These observations, including the strong correlation between average core compositions of Fo% in olivine and Mg# in spinel (Figure 9b ), indicate that the temperatures that we have calculated using the spinel and olivine core compositions are probably good estimates of the equilibration temperatures and are not strongly affected by ther- Figure 10 . Representative amphibole core compositions for Shiveluch xenoliths, hornblende-host selvage, and andesite host melt phenocrysts. Amphibole in harzburgites and hydrous pyroxenites is edenitic and tremolitic [Leake et al., 1997] and occurs in veins with opx and phlogopite, inclusions within spinel, and along cpx grain boundaries. Amphiboles from the hornblendehost selvage and phenocrysts in the host andesite are classified as pargasite and magnesiohornblende. Data source for experimental melt-peridotite reactions is the same as in Figure 9 . Symbols for Shiveluch xenoliths are as in Figure 3 or are identified in the figure. Figure 11 . Equilibration P-T estimates for Shiveluch xenoliths using two-pyroxene thermometry and Ca-in-olivine barometry . Analytical techniques and errors are described in the text. The Fe 2+ component, which was estimated assuming pyroxene stoichiometry [Droop, 1987] , was used in the two-pyroxene temperature calculations. The plagioclase-spinel-garnet stability field is from Herzberg [1978] and O'Neill [1981] . The spinelgarnet transition is calculated for spinel with Cr# = 0.72, which is the average of the eight xenoliths reported in Table 5 . Cascades geotherm is from the thermal model of van Keken et al. [2002] , based on a crustal density of 2.6 g/cm 3 . Talkeetna arc crust is based on P-T estimates for garnet gabbros and gabbronorites from Kelemen et al. [2003] and DeBari and Coleman [1989] . Symbols for Shiveluch xenoliths are as in Figure 3 . 2006GC001443 mal events, which result in incomplete equilibration of the mineral pairs.
[31] On the basis of two-pyroxene thermometry and Ca-in-olivine barometry, the P-T conditions of the xenoliths range from 1.03-2.21 GPa and 796-1013°C (Figure 11 ; Table 6 ). This suggests that the last equilibration of the xenoliths was just below the Moho at a depth of approximately 35-45 km and supports geophysical estimates which have shown that the crust beneath Shiveluch is approximately 30-35 km thick [Levin et al., 2002] . Our results also suggest that the P-T conditions of the Moho beneath Shiveluch Volcano are similar to those in the Cascades, based on the model of van Keken et al. [2002] , but slightly cooler at a given depth than the Talkeetna island arc [DeBari and Coleman, 1989; Kelemen et al., 2003 ].
[32] Oxygen fugacity estimates have been calculated using the methods of Ballhaus et al. [1991] and Wood et al. [1990] according to the wellcalibrated heterogeneous equilibrium among coexisting olivine, spinel, and opx. These results are reported in Table 6 as fO 2 log units from the fayalite-magnetite-quartz oxygen buffer or FMQ. These oxygen barometers produce fO 2 estimates that are similar at relatively low fO 2 values (r 2 = 0.76 in harzburgites), but can vary by as much as 1.7 DFMQ in the most oxidized samples, such as the clinopyroxenites (Table 6 ; Figure 12) . Overall, the Shiveluch xenoliths are among the most oxidized of any xenolith suite reported, with fO 2 in peridotites from +1.3 to +2.6 DFMQ, hydrous pyroxenites from +1.6 to +2.5 DFMQ, and clinopyroxenites from +2.4 to +3.3 DFMQ using the Wood et al. [1990] calibration (Table 6 ). This range of high fO 2 for the Shiveluch xenoliths is similar to those seen in hornblende-bearing peridotite and pyroxenite xenoliths from central Mexico [Blatter and Carmichael, 1998 ] and for recently reported fO 2 values for arc lavas from Shiveluch [Humphreys et al., 2006] .
Origin of Dunite Protolith
[33] Perhaps the most interesting feature of these xenoliths is that opx, which can be present from 7-45 wt% in peridotites and to 72 wt% in hydrous pyroxenites, is always fine-grained and fibrous and recognized as a secondary or late-stage mineral phase present only along olivine grain boundaries, in monomineralic veins that crosscut coarse olivine grains, and in veins with amphibole and phlogopite (Figures 4, 5, and 6 ). This fibrous form of opx in the Shiveluch xenoliths contrasts the nature of opx in other xenoliths from Kamchatka and elsewhere [e.g., Arai et al., 2003] , where opx in harzburgites is commonly coarse and blocky and texturally similar to the associated olivine. These textural Figure 12 . Oxygen fugacity calculated for Shiveluch xenoliths compared to published data for peridotites and arc lavas. Estimates of fO 2 plotted in Figure 12a were made using the methods of Ballhaus et al. [1991] and Wood et al. [1990] and are plotted as log fO 2 units from the fayalite-magnetite-quartz buffer reaction. Symbols for Shiveluch xenoliths are as in Figure 3 . Figure 12b shows the total range of fO 2 calculated from the Shiveluch xenoliths (bottom gray bar under ''arc peridotites'') compared to published data from other peridotites and from arc lavas. Oxygen fugacities for other data sources are as follows: abyssal [Bryndzia and Wood, 1990] , continental [Wood and Virgo, 1989] , Cascades [Brandon and Draper, 1996] , Avachinsky Volcano, Kamchatka [Arai et al., 2003] , Japan [Wood and Virgo, 1989] , Izu-Bonin-Mariana [Parkinson and Pearce, 1998 ], Grenada [Parkinson et al., 2003] , Mexican hornblende-bearing peridotites and websterites [Blatter and Carmichael, 1998 ], Mexican hornblende andesites [Carmichael, 1991] , and Shiveluch (Shiv) andesites [Humphreys et al., 2006] . 2006GC001443 relationships are important because they imply that the harzburgite, lherzolite, and hydrous pyroxenites from Shiveluch were probably all originally dunites. If this is true, it implies that orthopyroxene, phlogopite, and amphibole in the xenoliths were added primarily by processes subsequent to dunite formation.
Geochemistry Geophysics
[34] The genesis of dunite in arc-settings is generally viewed in the context of (1) cumulates formed by crystal fractionation from an olivine-rich, picritic magma [DeBari et al., 1987] , (2) residues of very high degrees of depletion involving multiple melt extraction events in the presence of water [Bonatti and Michael, 1989; Dick and Bullen, 1984] , and (3) melt-rock reactions which dissolve pyroxene and precipitate olivine in the upper mantle Kelemen et al., 1995a] . The plausibility of these scenarios for the formation of the original dunite mineralogy of the Shiveluch peridotites is discussed below.
[35] The forsterite content in olivine, Cr# and Mg# in spinel, modal abundance of olivine, and Al 2 O 3 in orthopyroxene have been shown to be sensitive indicators of the crystallization and melting histories of peridotites [Arai, 1994; Bonatti and Michael, 1989; Boyd, 1989; Dick and Bullen, 1984; Dick and Fisher, 1984; Jaques and Green, 1980] . Partial melting will drive residual peridotites toward high forsterite in olivine, high Cr# in spinel, low Al 2 O 3 in orthopyroxene, and high modal olivine. In contrast, crystal fractionation over a wide range of temperatures and melt Mg# will drive compositions in cumulate peridotites toward low forsterite and low Mg#-Cr# in spinel [Dick and Bullen, 1984] . On these criteria, the Shiveluch peridotites are refractory mantle samples (Fo 88 -94 olivine and Cr# = 47-82, Mg# = 38-69 in spinel, Al 2 O 3 <2 wt% in opx) that fall within the olivine-spinel mantle array (OSMA) (Figure 7a ) of Arai [1994] and the partial melting/residual mantle trends of Dick and Bullen [1984] . This relatively narrow and high range of forsteritic olivine and high Mg#-Cr# spinel in the Shiveluch xenoliths clearly contrast the trends of Fe-enrichment produced during olivine fractionation and observed in nearly all cumulates recognized in ultramafic complexes and in xenoliths [Arai, 1994; DeBari et al., 1987; Dick and Bullen, 1984; Greene et al., 2006; Ozawa, 1994; Wilson, 1982, Figure 7] . Comparison with xenoliths from other nearby areas in Kamchatka, also support a non-cumulate origin for the dunite protoliths at Shiveluch. Specifically, our collection of more than 250 xenoliths from Kharchinsky volcano, which is located 20 km to the southwest of Shiveluch, is dominated by pyroxenite and olivine pyroxenite which show highly variable Mg# in pyroxene, olivine and spinel, consistent with a cumulate origin [Dektor, 2006] . Mineral compositions in the cpx-rich xenoliths from Kharchinsky resemble those in the Shiveluch clinopyroxenites, based on their Fe-rich olivine ) and spinel compositions which plot to the right in Figure 7 . On the basis of these criteria, we interpret the clinopyroxenite xenoliths from Shiveluch as cumulates, but rule out a likely origin for the dunite protoliths to the Shiveluch peridotites through cumulate processes.
[36] Experimental studies also appear to rule out an origin for the Shiveluch dunite protoliths by melt extraction and depletion. In particular, experiments by Jaques and Green [1980] showed that residual dunites formed by $50% melting would have Fo 95 olivine and Cr# spinel $80, a compositional range not observed in any peridotite that we have sampled. Specifically, the most depleted and least metasomatized Shiveluch peridotite, based on whole rock composition and modal mineralogy (dunite sample SHX-03-04, 90% olivine, MgO = 48%; Tables 1 and 2) , has a spinel Cr# of 62 and olivine compositions of Fo 91 . Again, these features are inconsistent with the experimentally determined mineral compositions produced in peridotite by melt extraction [Jaques and Green, 1980] .
[37] Having ruled out cumulate and residual mantle origins, we now turn to the melt-rock reaction, which appears to be the most likely origin for the Shiveluch dunite protoliths, based on their overall mineral compositions. The process of melt-rockreaction and its relationship to dunite formation was investigated by and , who showed through theoretical and experimental treatments that reactions between basaltic magma and peridotite can produce refractory dunite with uniformly forsteritic olivine compositions. This work is well supported by a variety of studies which have demonstrated that mafic melts move through porous networks of partially melted peridotite in the mantle [McKenzie, 1985; Toramaru and Fujii, 1986; von Bargen and Waff, 1986] and produce, at relatively low pressures, dunite channels by dissolution of pyroxene and crystallization of olivine [Kelemen et al., 1995a [Kelemen et al., , 1995b . The importance of this process in the control of melt flow through the mantle is supported by fluid dynamic modeling [Aharonov et al., 1997] and by the widespread observation of discordant dunite in ophiolites [Kelemen and Dick, 1995; Quick, 1981] .
[38] The Shiveluch xenoliths have the uniformly forsteritic olivine and Cr-rich spinel compositions predicted by the melt-rock-reaction process [Dick and Bullen, 1984; Kelemen, 1990, Figure 7a] . A melt-rock reaction origin for the dunite protolith is also consistent with the high fO 2 recorded in the Shiveluch peridotites (Figure 12 ). This point is discussed in detail below in section 6.3.
Origin of High fO 2
[39] The high oxygen fugacity recorded in the Shiveluch peridotites (fO 2 from +1.3-2.6 Dlog FMQ) compared to peridotites from abyssal, continental, and other arc-settings provide evidence that the xenoliths have retained a substantial amount of ferric iron as they evolved (Figure 12 ). Brandon and Draper [1996] argued that the fO 2 of peridotites from the Cascades could be explained by a two-step process involving the loss of ferric iron during melt extraction (due to the slightly higher incompatibility of Fe 3+ ) followed by later enrichment in ferric iron, and thus high fO 2 , by oxidizing agents derived from subducted material. At Shiveluch, the sample that appears to be the least affected by metasomatic overprints (dunite sample SHX-03-04, 90% olivine, MgO = 48%; Tables 1 and 2 ) is nearly the most oxidized peridotite that we have analyzed, with fO 2 = +2.5 log units from FMQ (Figure 12a ; Table 6 ). This depleted sample with high fO 2 indicates that oxidation of the Shiveluch xenoliths is not controlled by either melt extraction, which should produce low fO 2 , or metasomatic enrichment, which should increase fO 2 [Brandon and Draper, 1996] . Oxygen fugacity in Shiveluch peridotites also appears to be uncorrelated with measures of depletion, such as Cr# in spinel, Fo in olivine, modal abundance of olivine, or whole-rock MgO. We also see little correlation between fO 2 and measures of geochemical enrichment, such as K, Ba or Rb concentrations, or with the presence of hydrous, metasomatic minerals such as phlogopite and/or amphibole.
[40] On the basis of the above, we conclude that oxidation state of the Shiveluch peridotites is not controlled in any clear way by either depletion or enrichment processes that may have affected the xenoliths. This implies that high fO 2 is a primary feature of the Shiveluch xenoliths, and that it was therefore probably acquired during the formation of the dunite protolith, prior to the formation of the hydrous mineral-bearing veins. If, as we have argued, the dunite protolith was produced by melt-rock interaction, then the oxidized nature of the peridotites reflects the oxidized nature of the subduction-derived melts that were involved in the melt-rock reaction process. This conclusion is well supported by the findings of Parkinson and Arculus [1999] and others [e.g., Mungall, 2002; Parkinson and Pearce, 1998 ] who have argued that melts are efficient oxidizers, and that the migration of melts through the mantle wedge provides a likely explanation for the high fO 2 which is widely observed in arc peridotites (Figure 12 ).
Deserpentinization or Metasomatism?
[41] Orthopyroxene in the Shiveluch peridotites is fibrous and radiating and forms primarily as thin coatings along olivine grain boundaries and in veins with amphibole and phlogopite that crosscut olivine and spinel (Figures 4, 5, and 6 ). The textural and compositional similarity of opx in the hydrous veins and along olivine grain boundaries seems to imply a common source and/or process (Figure 9c ; Tables 3 and 5) . It is an important point in this context that fibrous opx has been observed in certain alpine and arc-related peridotites, where it has been interpreted to result from dehydration reactions involving serpentine breakdown [Arai and Kida, 2000; Trommsdorff et al., 1998] . It is therefore possible that the Shiveluch xenoliths are fragments of partially serpentinized peridotite that underwent prograde metamorphic reactions including deserpentinization. If this were true it would imply that the Shiveluch xenoliths are fragments of accreted oceanic lithosphere, and not samples of the sub-arc mantle.
[42] An important aspect of the fibrous opx in the Shiveluch xenoliths is that it commonly forms monomineralic coatings that outline in detail, 120°triple junctions among coarse olivine crystals ( Figure 5 ). It is easy to imagine antigorite serpentine and related low-grade metamorphic minerals such as chlorite, similarly filling grain boundaries and fractures in a partially serpentinized peridotite; however, the prograde metamorphic transition from serpentine antigorite to olivine-enstatite rock produces not just fibrous enstatite, but also a variety of other minerals, such as chlorite, chro-mian magnetite, pleochroic olivine, and talc, which are not observed in the Shiveluch peridotites [Trommsdorff et al., 1998 ]. The presence of K-rich phlogopite in the veins, also cannot have resulted from the breakdown of serpentine alone, but is an expected feature of peridotites that have been metasomatized by subduction-related fluids or melts [e.g., Franz et al., 2002; Ionov et al., 1994] . The mineral chlorite, which is commonly present in serpentinized peridotites, and which is sustained during serpentine breakdown, is also not present in the Shiveluch xenoliths, even though it is stable under the P-T conditions that we calculate for many of our samples (e.g., 800-900 degrees C at 10-15 kb [Goto and Tatsumi, 1990; Pawley, 2003; Smith and Riter, 1997] ). It is possible that the xenoliths were subjected to temperatures above chlorite stability and below the mantle solidus (e.g., 900-1100°C) which are not recorded in our temperature estimates. This possibility, however, fails to explain the presence of tremolite in the hydrous veins, which is stable only at temperatures below the chlorite stability field at pressures above 1 GPa [Chernosky et al., 1998; Jenkins, 1983; Smith and Riter, 1997] . These and other textural and compositional features that have been interpreted to result from hydrous mineral breakdown in ultramafic xenoliths [e.g., Smith and Riter, 1997] indicate to us that the Shiveluch xenoliths have probably not experienced a history of serpentinization, and that they are therefore probably not pieces of accreted oceanic terranes [Konstantinovakaia, 2000] or partially subducted slices of such terranes.
6.5. Origin of Orthopyroxene, Amphibole, and Phlogopite [43] Textural observations indicate that the Shiveluch xenoliths have experienced at least two observable stages of mineralization that post-date formation of the dunite protolith. These involve (1) the formation of opx along olivine grain boundaries and in monomineralic veins that crosscut coarse olivine (Figures 4f and 5 ) and (2) the final-stage formation of mm-scale veins of amphibole-phlogopite-opx (Figure 6a ).
[44] An important first-order conclusion is that the distinct compositional differences between minerals in the veins and in the hornblende-host selvage areas indicate that the metasomatism/mineralization that we observe was not produced by the infiltration of the host melt into the xenoliths (Figures 9c  and 10 ). The distinctive texture and mineralogy of the veins (containing fibrous opx, tremolite, phlogopite) and the absence of those features from the hornblende-host selvage areas also indicate that the veins and grain-boundary crystallization of secondary minerals within the xenoliths is unrelated to xenolith-host melt interaction.
[45] Textural and compositional similarities (Figures 4f, 5 , and 9c) indicate that fibrous opx along grain-boundaries and in monomineralic veins were produced contemporaneously and by similar processes. The jagged and interpenetrating contacts (Figure 4f ) indicate that the fibrous opx formed by replacement processes involving reactions between silica-rich fluids/melts and olivine. The absence of textural equilibrium between olivine and opx (indicated by jagged and interpenetrating contacts; Figure 4f ) implies that the fibrous opx formed shortly prior to the eruption that carried the xenoliths to the surface. This probably means in turn that the silica-rich fluids/melts were liberated from hydrous magmas trapped in the uppermost mantle beneath Shiveluch.
[46] The textural and compositional similarity of fibrous opx throughout the rocks indicates that phlogopite-amphibole-opx veins, which are the final stage of mineralization recorded in the xenoliths (Figure 6a ), were probably also formed by hydrous magmas that were trapped at shallow mantle levels. In particular, we interpret the hydrous veins as the products of volatile-enriched, deuteric/autometasomatic fluids/melts that were released during the final stages of magma crystallization in the uppermost mantle. Consistent with this interpretation, the vein mineral compositions in the xenoliths are similar to those observed in experimentally produced melt-peridotite reactions [Prouteau et al., 2001] . It is interesting to speculate that the Shiveluch xenoliths might illustrate a continuum of melt-rock reaction products and relationships, which began with the creation of the dunite protolith and ended with the late-stage (autometasomatic) hydrous veins produced in the final cooling stages of a melt-peridotite network.
[47] Overall, these interpretations indicate that the secondary minerals that post-date the formation of the dunite protolith were produced in the uppermost mantle and not at great depths within the subduction zone by slab-derived fluids or melts. If these interpretations are correct, they imply that the xenoliths were created and modified in situ at shallow mantle levels beneath Shiveluch Volcano (<45 km), and that they may in fact be related in some way to the genesis of magmas produced at Shiveluch.
Conclusions
[48] Spinel-bearing ultramafic xenoliths from Shiveluch Volcano, Kamchatka are predominantly coarse-grained and porphyroclastic harzburgite with minor occurrences of dunite, lherzolite, amphibole/phlogopite-bearing pyroxenite, and clinopyroxenite. Textures and mineral compositions suggest that the peridotites and hydrous pyroxenites were replacive dunites that formed by reactions between oxidized melts and mantle wall rock. Fibrous orthopyroxene, occurring only along olivine grain boundaries and as monomineralic veins within coarse olivine, was produced by reactions between late-stage silica-rich hydrous fluids/melts and olivine in the dunite protolith. These late-stage fluids/melts, which dissolved olivine and precipitated opx, are interpreted as the autometasomatic products of hydrous magmas that were trapped in the uppermost mantle. Veins of amphibole-phlogopite-opx appear to be the final-stage, volatileenriched deuteric products that were created upon magma crystallization. P-T estimates are 800 -1000°C and 1.03-2.21 GPa, based on two-pyroxene thermometry and Ca-in-olivine barometry, and indicate that the last equilibration of the xenoliths was just below the Moho. The xenoliths record some of the highest oxygen fugacity estimates yet described for mantle samples with fO 2 from +1.4-+2.6 DFMQ in peridotites and +2.4-3.3 DFMQ in cumulate clinopyroxenites. The high fO 2 in the Shiveluch xenoliths was likely acquired by the melt-rock reaction processes that formed the dunite protolith prior to the mineralization that formed the hydrous mineral-bearing veins and grain boundary development of opx. Thus the Shiveluch xenoliths appear to be formed and modified entirely within the uppermost mantle and not at great depths in the subduction zone by slab-derived hydrous fluids/ melts or by transport of the xenoliths to the surface. This study therefore demonstrates that melt-mantle interactions at shallow levels may be a dominant process contributing to the observed high fO 2 and mineralogical variability of arc peridotites compared to abyssal and continental mantle samples.
